We have studied stimulated emission in a random laser based on rhodamine 6G dye and TiO 2 nanoparticles. At both small and large concentrations of nanoparticles, the minimum threshold was found at ultra-high concentrations of dye, 20 g L −1 . With the increase in concentration of TiO 2 nanoparticles, the threshold reaches its maximum at the transition from a weak-scattering regime to a strong-scattering regime, when the transport mean free path l t is approximately equal to the absorption length l a . At the same value of l t , the random laser emission qualitatively changes its behavior. The experimental results are in good agreement with the predictions of a heuristic model.
Introduction
Random lasers are unique sources of stimulated emission in which the feedback is provided by scattering in a gain medium [1, 2] . Random laser effects have been observed in a variety of organic and inorganic gain media including powders of solid-state luminescent and laser crystals [3] [4] [5] [6] , liquid laser dyes with scatterers [7] [8] [9] , polymeric films with and without intentionally introduced scatterers [10] [11] [12] [13] [14] , ZnO scattering films and nanoclusters [15] [16] [17] , dye-infiltrated opals [18, 19] , porous media infiltrated with liquid crystals with dyes [20] and many others. Random lasers are very attractive for a variety of applications, including holography, low-noise imaging, inertial laser fusion and medicine [21] , because of their extreme simplicity, low cost and robustness in operation. Detailed reviews of random lasers can be found in [22] [23] [24] .
It has been shown that the threshold in random lasers is reduced dramatically when the photon transport mean free path l t approaches the stimulated emission wavelength [25] . Arguably, the latter condition is the precursor of the Anderson localization of light [26] , which according to the Ioffe-Regel criterion [27] occurs at kl t 1, where k is the wavenumber. An experimental observation of the Anderson localization of light has been reported in GaAs powder [28] and, more recently, in TiO 2 powder [29] .
In this work, we have studied random laser emission in methanol solutions of rhodamine 6G laser dye (R6G) mixed with TiO 2 nanoparticles (the same as were used in [29] ), We have observed the reduction of the lasing threshold with the increase of both concentrations of dye and nanoparticles. We have also found a qualitative change in the emission behavior at the transition from the low-scattering feedback regime to the strong-scattering feedback regime.
Experimental samples
In the experiments, we used TiO 2 nanoparticles (rutile) acquired from Dupont Inc. The mean particle size, determined from scanning electron microscope (SEM) images of the nanopowder, was equal to 0.25 μm. The powders were suspended in a methanol solution of R6G dye or (in measurements of the transport mean free path) in pure methanol. The concentrations of TiO 2 nanoparticles, estimated based on the known weight fraction of TiO 2 in the suspension, the volume density of rutile (4 g cm −3 ) and the particle size, varied between C = 2.54 × 10 11 and 3.65 × 10 13 cm −3 . Using a standard coherent backscattering (CBS) technique [30] [31] [32] [33] , we have recorded angular profiles of the backscattered light intensity I (θ ) (at λ = 514.5 nm) in a methanol suspension of nanoparticles. To determine the transport mean path of photons in a scattering medium l t , the CBS profiles I (θ ) were fitted to the known formula [34] . The slope of the experimental dependence l t versus C, plotted in log-log scale, is equal to −1 over the range of nanoparticle concentrations exceeding two orders of magnitude, figure 1. At the highest concentration of TiO 2 nanoparticles studied, C = 3.65 × 10 13 cm −3 , when the mixture had the consistency of a paste rather than a liquid, l t was equal to 0.26 μm, comparable to the pumping and emission wavelengths in the mixture.
Random laser experiments
In the random laser experiments, the dye-containing samples had the same concentrations of TiO 2 nanoparticles as the suspensions discussed in section 2. The samples were placed in 10 mm thick cuvettes and pumped with ∼10 ns pulses of a second harmonic Q-switched Nd:YAG laser (λ = 532 nm) or ∼5 ns pulses of the optical parametric oscillator (λ = 460 nm). The diameter of the pumped spot was varied between d = 0.25 and 0.8 mm. A monochromator and a photomultiplier tube were used to spectrally select and detect emission signals. Samples were thoroughly stirred before the collection of every spectrum and the scans were kept short (∼5 min) to prevent TiO 2 nanoparticles from excessive precipitation. The series of emission spectra were recorded at gradually increasing pumping energies. The majority of experiments described below have been done at λ = 532 nm pumping (unless otherwise specified).
At small pumping intensity, only spontaneous emission, characterized by the spectral band with the maximum at λ = 568 nm and the full width at half-maximum (FWHM) ∼65 nm, was observed. With an increase in pumping, a much narrower peak, with the maximum at 570 nm and FWHM ∼10 nm, appeared on the top of the spontaneous emission band (figure 2), manifesting an onset of the stimulated emission. Its intensity I , measured as shown in the inset of figure 2, corresponded to the stimulated emission contribution to the overall random laser emission. Plotted versus pumping energy, the intensity values I resulted in nearly-linear input-output curves characteristic of lasers, figure 3. As in regular lasers, lasing thresholds were determined at the intersections of the input-output curves with the horizontal axis [35, 36] .
In an alternative measurement of the random laser threshold, following [37] , we have plotted FWHM of the emission spectral band as a function of the pumping energy, figure 3 . At small pumping energies corresponding to the predominantly spontaneous emission, FWHM was nearly constant. The onset of the stimulated emission corresponded to a sharp reduction of the emission bandwidth (complementing growth of the spectrally narrow emission peak, figure 2), after which FWHM saturated and practically did not change with the further increase of pumping. The random laser threshold was measured at the energy corresponding to the median value of FWHM, equidistant from its initial and final saturated values. Note that the threshold energies determined by two different methods, referred to in the text below as E in/out th and E FWHM th , were close to each other in some experiments and were noticeably different in others.
We have found that at two very small and very large concentrations of TiO 2 nanoparticles, 5.1 × 10 11 cm −3 (l t = 24 μm) and 1.4 × 10 13 cm −3 (l t = 0.62 μm), the random One can see that both dependences, E in/out th (l t ) and E FWHM th (l t ), have nearly similar bell shapes with the maxima at 1.3 μm l t 3.8 μm, slightly larger than the (inelastic) absorption length l a = 0.9 μm at λ =532 nm. The absolute values of the two thresholds (measured at the same pumped spot diameters) are also approximately the same, with E in/out th being slightly smaller than E FWHM th . The significant reduction of the threshold at the transport mean free path l t comparable to the random lasing wavelength in the medium is in line with [25] .
The character of the stimulated emission noticeably changed with the change of the concentration of TiO 2 nanoparticles and, corresponding to it, the change of the transport mean free path l t . Thus, at large values of l t , a narrow emission peak starts growing (above the threshold) on the top of a practically intact spontaneous emission background, figure 6(a) . This can be interpreted as if only a small fraction of excited molecules participates in the stimulated emission. At the same time, at small values of the transport mean free path l t , the emission band grows (gradually narrowing) above the threshold as a whole, implying that nearly all excited molecules participate in the stimulated emission process.
Although very smooth, the change of the character of the stimulated emission occurs within the range of l t (0.7 μm l t 2.8 μm) centered around the maximum of the random laser threshold, which is approximately equal to the absorption length (l a = 0.9 μm).
The experiments were repeated at the pumping wavelength λ pump = 460 nm, at which the absorption length in the 20 g L −1 R6G dye solution was equal to l a = 12.5 μm. Not unexpectedly, the two thresholds in this experiment, E Similarly to the case of 532 nm pumping depicted in figure 6 , the behavior of the stimulated emission at λ pump = 460 μm has changed at the transport mean fee path l t ≈ 5 μm approximately equal to the maximum of the random laser threshold, 7.1 μm, and the absorption length l a .
Discussion
The results of this work can be explained in terms of the model originally proposed in [8] . At the high concentration of dye used in our studies, the thickness of the pumped volume l p . Two datasets (triangles and squares), corresponding to different diameters of the pumped spot, are normalized to unity. The experimental datasets are fitted to quadratic parabolas, which serve as guides for the eyes and help to determine the maxima with higher accuracy. Vertical lines correspond to the emission wavelength in TiO 2 , emission wavelength in methanol, absorption length l a (at 532 nm) and the value of l t at which the emission spectrum changes its behavior. is very small, micrometer scale, and its lateral dimension is relatively large, sub-millimeter scale. At l t l a ≈ l p , in the absence of or at very small concentration of scatterers, a small fraction of photons propagates practically undisturbed in the sample plane over long distances, causing a significant narrowing of the stimulated emission spectrum at relatively small pumping energies. However, the majority of emitted photons have very short propagation paths in the gain medium, they do not experience strong amplification and practically do not participate in the stimulated emission, figure 7(a). As a result, the emission band consists of a narrow and relatively small stimulated emission peak (characterized by low threshold pumping energy) on the top of a broad and intense spontaneous emission background, figure 6(a) .
With an increase of the concentration of TiO 2 nanoparticles, long photon paths get disturbed by scatterers and shorten, figure 7(b). This leads to an increase of the threshold pumping energy.
At large concentrations of scatterers, when the transport mean path l t becomes much shorter than the pumping penetration length, l p = √ l t l a /3, the majority of photons experience multiple scattering before they leave the sample, figure 7(c). This elongates photon paths and provides a feedback for nearly all photons, including those which were originally emitted perpendicular to the sample surface and reduces the stimulated emission threshold again. This also explains the random laser emission behavior depicted in figure 6(b) , where the emission spectrum is getting narrower as a whole, without any significant shoulders or spontaneous emission backgrounds.
Note that the reduction of the transport mean free path l t to the wavelength scale makes coherent scattering effects significantly important, which reduces the stimulated emission threshold further [25] .
Summary
We have studied stimulated emission in random lasers based on suspensions of TiO 2 nanoparticles in methanol solutions of R6G laser dye. The stimulated emission thresholds were measured based on the full widths at half-maximum (FWHM) of the emission spectral bands as well as the input-output curves. The two thresholds were close to each other at λ pump = 532 nm and l a = 0.9 μm and they were dissimilar at λ pump = 460 nm and l a = 12.5 μm. At both small concentrations of nanoparticles, C = 5.1 × 10 11 cm −3
(l t = 24 μm), and large concentrations of nanoparticles, C = 1.44 × 10 13 cm −3 (l t = 0.62 μm), the minimum random laser threshold was found at ultra-high concentrations of R6G dye, N = 20 g L −1 . With the increase in the concentration of TiO 2 nanoparticles, the stimulated emission threshold first increased, reaching its maximum at l t ≈ l a , and then decreased again on further reduction of l t (except for E FWHM th measured at λ pump = 460 nm). The condition l t ≈ l a corresponds to the transition from a weak-scattering regime to a strong-scattering regime, at which the random laser emission qualitatively changes its behavior. Thus, in the strong-scattering regime (l t l a ), nearly all photons have long amplification paths and contribute to the stimulated emission, while in the opposite case of the weak scattering (l t l a ) the fraction of photons participating in the stimulated emission process is very small. The experimental results are in good agreement with the heuristic model proposed in [8] .
